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ABSTRACT 
Today's economic and ecological directives demand for highly sustainable machine parts by low 
production cost and energy consumption. Consequently, it is crucial to guarantee a long service life by 
protecting all components against wear and corrosion. However, hydraulic components always include 
stressed surfaces, which suffer from heavy loads at high relative speeds. To prevent fretting, coating 
processes like thermal spraying or hard chrome have a long history in the field of hydraulics. New 
additive laser-based processes like EHLA and LPBF offer the potential to apply new coatings without 
environmentally hazardous substances such as chromium or to manufacture complex parts with new 
functionalities. So far, additively manufactured surfaces with relative movements are post-processed 
to obtain surface qualities similar to subtractive methods, as the tribological properties of additive 
surfaces have not been investigated to date. Therefore, this paper investigates the frictional behavior of 
316L surfaces produced by laser-based EHLA and LPBF processes using a disc-disc tribometer. 
Keywords: Tribology, Additive Manufacturing, Hydraulic components, 316L, Wear, Corrosion, LPBF, 
EHLA 
1. INTRODUCTION 
Additive Manufacturing (AM) processes are 
increasingly being used in industrial production. 
They offers a good opportunity for the production 
of customer-specific solutions. Since the 1980s, 
AM was mainly used as a technology for the 
production of prototypes. Since then, the 
technology has developed strongly. 
Manufacturing quality such as density, surface 
quality and geometric accuracy and also the 
process speed and reliability have improved. 
Today, hydraulic components are still produced 
mostly using subtractive manufacturing 
technologies. Hydraulic components are often 
exposed to the environment such as sun, rain, salt 
water, dust, etc. and should have the longest 
possible service life. In addition, the friction 
contacts and supply lines should have the lowest 
possible resistance so that the losses that occur 
are small. For these requirements, AM offers new 
possibilities for the various challenges of 
applications and components. In the field of fluid 
drive systems, most components can be divided 
into two main component geometries, cylindrical 
and complex 3D geometries. By using Extreme 
High-Speed Laser Material Deposition (EHLA), 
surfaces of cylindrical components can be 
protected against wear and corrosion with new 
materials and with dense metallurgically bonded 
coatings. 3D geometries with integrated 
functions such as cooling and hydraulic fluid 
lines can be generated using Laser Powder Bed 
Fusion (LPBF). By using LPBF, the number of 
individual parts can be reduced, the complexity 
of the respective components can be increased, 
and concepts that could not be realized using 
conventional methods can be implemented. An 
example of an additively manufactured 
PowerPack is shown in Figure 1. 
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Figure 1: Additively manufactured PowerPack [9] 
The central housing accommodates all valves and 
the gear set of the pump, and all peripheral 
channels are also integrated into the topology-
optimized structure. This design allows for a 
weight reduction by a factor of four compared to 
the conventional design with individual blocks 
connected by pipes. Due to the integrated pump 
with its rotating components, the challenge arises 
that tribological contacts with additive surfaces 
occur here. While the structural or flow-optimal 
design of such components has been extensively 
researched, there is a large research gap in the 
behaviour of tribologically highly stressed 
additive surfaces. In order to unleash the full 
potential of additive manufacturing in fluid 
power, this gap must therefore be closed in order 
to efficiently produce surfaces in contact with, for 
example, valve spools, hydraulic cylinders or 
pistons of a pump. In this work, additively 
manufactured surfaces without post-processing 
are to be investigated and characterized with 
respect to their tribological behaviour. 
2. EXTREME HIGH-SPEED LASER 
MATERIAL DEPOSITION (EHLA) 
Extreme High-Speed Laser Material Deposition 
(EHLA) is a new development based on the Laser 
Material Deposition (LMD) process. In the LMD 
process, a molten pool is generated on a metallic 
substrate by means of laser radiation into which a 
filler material is added. In this way, components 
can be coated and 3D geometries can be 
generated. In the EHLA process, the laser beam 
energy is absorbed primarily in the filler material 
and not in the substrate. In this way, the heat-
affected zone on the substrate is significantly 
reduced and unconventional material pairings can 
be realized. Due to these characteristics, process 
speeds of up to 500 m/min and layer thicknesses 
of 20 to 350 µm can be achieved. The coatings 
are dense and metallurgically bonded to the 
substrate. Figure 2 shows the EHLA process 
principle. The high process speeds are achieved 
by a rotation of the component. The powder focus 
is located above the substrate. Due to the 
increased interaction time between the laser beam 
and the powder particles, the powder is melted 
before it reaches the substrate. The energy of the 
laser beam that is not absorbed in the powder 
generates a small melt pool with a small heat-
affected zone on the substrate. The characteristics 
of the EHLA process make it well suited as a 
coating process for wear and corrosion protection 
coatings, it can serve as one of the substitute 
processes for the chromium VI process. One area 
of application for this process is the coating of 
hydraulic cylinders. So far, EHLA coatings have 
not been tribologically examined in detail. [1] 
Figure 2: Schematic picture of the EHLA process [1] 
For the process development and the coating of 
the tribo discs, a 4-axis machining system 
(Figure 3) from Hornet is used. In the first step 
of the process development, 316L coatings 
consisting of one layer are produced on the base 
material (42CrMoV4 / 1.7225) and examined 
metallographically. 
Figure 3: Schematic picture of the EHLA machine 
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The aim of the process development is to create a 
pore- and crack-free layer without bonding 
defects. This includes a variation of the process 
parameters, e.g. process speed, track 
displacement, laser power and powder mass flow. 
For the tribological investigations, coatings with 
a layer thickness of 1200 ± 100 µm are produced. 
Figure 4 depicts a metallographic cross section 
of the 316L coating as an example of the reflected 
light microscopic analysis. 
Figure 4: Metallographic cross section of an EHLA 
coated disc 
In a hydraulic application, a much thinner layer 
would be used to save material and time during 
the coating process. The coated disc prior to the 
tribological tests is shown in Figure 5. Due to the 
high process temperatures in the EHLA process, 
a dense oxide layer has grown. 
Figure 5: Surface of the EHLA coated disc 
Microscopic investigations (Figure 6) using the 
focus variation method shows a coarse surface 
with parallel welding beads with a spacing of 
about 200 µm. Temper colors are also visible. 
Welding splatters can be observed in a uniform 
distribution. 
Figure 6: Microscopic view of the EHLA coated disc 
(magnification 100x) 
Generally, a surface like this cannot be 
considered a suitable tribological contact partner. 
Because of the high roughness, the real contact 
area is much smaller than the theoretical area. 
This leads to extremely high contact pressures. 
Roughness measurements of the top layer 
(Figure 7) showed a wavy surface with a 
wavelength of 40 µm. 
Figure 7: Roughness plot of the EHLA coated disc 
For a more accurate layer characterization, the 
layers were etched with V2A etching solution to 
analyze the microstructure. The etched cross 
section of the sample with magnifications of 25x, 
200x and 500x is shown in Figure 8. The 
individual layers are visible in the 25x 
magnification. The material has a dendritic 
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structure with a growth of grains epitaxial 
vertically to the surface. 
Figure 8: Cross section etched with V2A etching 
solution 
The hardness of the deposited layer was 
determined using the Vickers method with a test 
load of 3 N. The mean value of the 6 hardness 
measurements is approximately 205 HV0,3. 
3. LASER POWDER BED FUSION (LPBF) 
Laser Powder Bed Fusion (LPBF) is the most 
common additive manufacturing process for the 
production of dense metal parts [4]. A part is 
manufactured by selectively melting consecutive 
thin layers (approx. 30 µm) of metal powder by a 
laser beam according to a digital slice model of 
the part. The process principle is shown in 
Figure 9. A detailed description of the process 
can be found in [5]. 
Figure 9: The LPBF process steps [6] 
The powder is fully melted in the process, 
resulting in a relative density usually exceeding 
99.5 %. The high cooling rate of up to 7 x 106 K/s 
of the molten material generally leads to a fine 
and homogeneous microstructure and high 
strength of the material [7]. Standard mechanical 
properties of the materials can usually be reached 
or exceeded. The range of applicable and 
commercially available materials includes 
aluminium alloys, stainless and tool steels, 
nickel-based alloys as well as titanium alloys. 
The material efficiency of the process is high, as 
the unmelted powder can be fully reused. 
3.1. LPBF Process Parameters 
The main process parameters affecting the 
stability of the build process and the material 
properties are laser power (PL), layer thickness 
(DS), scan speed (vS) and hatch distance, the 
distance between neighboring laser scan vectors 
(ΔyS), all shown in Figure 10. 
Figure 10: The main LPBF process parameters 
The LPBF specimens used in this work were 
manufactured on an EOS M290 LPBF machine. 
A fixture was manufactured and mounted on the 
substrate plate to ensure the correct alignment of 
the tribo disc preforms to the machine coordinate 
system and to ensure a sufficient thermal contact 
to the substrate plate. The preforms were then 
inserted into the fixtures and the 316L test 
sections with a thickness of 1 mm were 
manufactured on the preforms using a layer 
thickness of DS = 30 µm. 
The LPBF sections were manufactured using an 
upskin parameter set (different parameters for 
improved surface roughness) for the surfaces that 
later act as the tribo surfaces. A coated disc prior 
to the tribological tests is shown in Figure 11. 
Figure 11: Surface of the LPBF coated disc 
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Microscopic investigations (Figure 12) using the 
focus variation method showed a coarse surface 
with parallel welding beads with a spacing of 
about 100 µm. Welding splatters can be observed 
uniformly distributed. 
Figure 12: Microscopic view on the LPBF coated disc 
(magnification 100x) 
Roughness measurements of the surface showed 
a waviness with a periodicity of about 200 µm 
(see Figure 13). Contrary to prior expectations, 
there is no clear orientation dependence regarding 
the welding beads. 
Figure 13: Roughness of the LPBF coated disc 
The hardness of the deposited layer was 
determined using the Vickers method with a test 
load of 3 N. The mean value of the 6 hardness 
measurements is approximately 242 HV0,3. 
For a more accurate layer characterization, the 
layers were etched with V2A etching solution and 
oxalic acid to analyze the microstructure. The 
etched cross section of the sample with 
magnifications of 25x, 200x and 500x is shown 
in Figure 14. 
Figure 14: Cross section etched with V2A etching 
solution and oxalic acid 
4. MATERIAL 
The 316L-powder used in the EHLA- and LPBF-
process consists of spherical particles with a 
particle diameter in the range of 15 µm – 45 µm. 
A SEM image showing the typical particle 
morphology of this type of powder is given in 
Figure 15, a typical particle size distribution in 
Figure 16: 
Figure 15: SEM image of typical 316L LPBF powder 
Figure 16: Volume-weighted particle size distribution 
of typical 316L LPBF powder 
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316L is an austenitic stainless steel with a very 
high corrosion resistance. The chemical 
composition is given in Table 1: 
Table 1: Chemical composition of 316L [10] 
C Si Mn P S Cr Mo Ni Fe 
≤ % ≤ % ≤ % ≤ % ≤ % % % % % 
0.03 1.0 2.0 0.045 0.015 
16.5 -
18.5 
2.0 - 
2.5 
10.0 -
13.0 
Bal. 
 
316L was chosen for this work as it is one of the 
most widely used alloys in AM, especially for the 
LPBF-process. 
5. TRIBOLOGIC SYSTEM WITH A FOCUS 
ON HYDRAULIC SYSTEMS 
Due to varying pressures and rotational speed 
levels, all states of friction can occur in 
tribological contacts in hydraulic units. Starting 
with boundary lubrication in the very first 
moment after the speed-up, followed by a phase 
of mixed lubrication, a purely hydrodynamic 
lubrication is aimed for in the steady-state of 
operating. A high pressure oil supply often allows 
for the use of hydrostatic bearings or pockets. 
Nevertheless the use of lead-free materials leads 
to new challenges in choosing materials. 
According to Czichos, planar contact pressures 
can be between 1 ∙ 10−3 and 4 ∙ 103 MPa [2]. 
5.1. Tribological investigations 
Wear measurements can be made by different 
approaches. Wear can be defined as material loss 
per sliding distance as shown in Equation 1: 
𝑤 =
𝑑𝑚
𝑑𝑥
1
𝜌
 (1) 
Whereas the wear over time can be seen as 
?̇? =
𝑑?̇?
𝑑𝑥
1
𝜌
 (2) 
The test bench currently does not allow for the 
measurement of the material loss online. 
Therefore the tribo discs have to be dismounted 
periodically and weighed externally. 
Alternatively, wear can be defined as loss of 
thickness per sliding distance. 
𝑤 =
𝑑𝑠
𝑑𝑥
 (3) 
The loss of thickness is measured by comparing 
the primary surface profile inside and outside the 
tribologically active area. 
5.2. Disc – Disc Tribometer 
A wide range of tribological contacts in hydraulic 
systems can be simplified as planar contacts, 
which can be investigated using a disc - disc 
tribometer as it is used at ifas (see [3]), turning 
two discs with a speed up to 15 m/s and contact 
pressure up to 40 MPa. 
The disc – disc tribometer consists of a stator and 
a rotor, which are pressed together using a 
hydraulic cylinder. For geometrical details see 
Table 2. The applied normal force is constantly 
regulated by a normal force sensor. The rotor is 
driven by a hydraulic motor and transmits its 
torque to the stator which is connected to a force 
sensor using a lever. Both discs are completely 
covered with a specific test fluid which is 
temperature regulated and constantly filtered (see 
Figure 17). 
Table 2: Parameters of the tribo discs  
Geometric parameter Value 
Contact area 𝐴𝑐 946 mm
2 
Outer diameter 𝑑𝑎 70 mm 
Inner diameter 𝑑𝑖 59 mm 
Roughness Ra (reference disc)  0.4 µm 
Knowing the frictional force and the normal 
force, a dimensionless friction coefficient can be 
calculated: 
𝑓 =
𝐹𝑅
𝐹𝑁
 (5) 
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Figure 17: Cross section of the disc - disc tribometer [3] 
5.3. Reference measurements 
For generating reference measurements, a 
standard quenched and tempered steel, 
42CrMoV4 (1.7225) is used, which is shown in 
Figure 18. The tribologically active surfaces 
have been lapped to a surface roughness of Ra 0.4. 
This surface can be considered a standard 
tribological contact partner in hydraulic 
applications. By now it is not possible to use 
hard-hard pairings under extreme pressure for 
longer times. All measurements have been 
carried out using a Shell standard mineral 
hydraulic oil HLP with a viscosity of 32 
according to DIN 51524-2. Over the different 
tests the temperature was kept at 40° Celsius. 
Figure 18: Surface of the reference disc 
The status of the surface prior to the test runs is 
shown in Figure 19 and Figure 20. 
Figure 19: Microscopic view of the reference disc 
(magnification 100x) 
Figure 20: Roughness of the reference disc 
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6. MEASUREMENT RESULTS EHLA 
After a run-in of 30 minutes at 100 rpm with a 
very low load of 100 N, equivalent to a contact 
pressure of 0.1 MPa, a visual check of the tribo 
disc surface revealed severe wear between the 
EHLA and EHLA surfaces. Between the EHLA 
and the reference surface, the wear is very low. 
Figure 21: Wear track on the EHLA disc against the 
reference disc 
6.1. EHLA against Reference 
Testing the EHLA coated tribo disc against the 
reference disc shows a very good result. The wear 
for this pairing is very low, although the rather 
low contact pressure and the very slow sliding 
speed have to be considered. Tests with more 
realistic speeds and loads are planned in the 
future. The material loss is 0,097 g for a sliding 
distance of 1 km. The profile is shown in 
Figure 22. 
Figure 22: Profile of the EHLA disc after the run-in 
The profile shows a very small loss of material. 
Basically the welding beads have been flattened 
during the process. 
6.2. EHLA against EHLA 
The measured results of the EHLA against EHLA 
surface are definitely not as good as the results 
against the reference material. This can be 
explained with the used material itself. Generally, 
a tribological pairing should not consist of pairing 
partners consisting of the same material, as there 
is always a potential for welding. 316L steel in 
particular is known to have a tendency for 
welding. Figure 23 shows the profile of the 
EHLA disc after the run-in. 
Figure 23: Profile of the EHLA disc after the run-in 
The material loss is 0,387 g for a sliding distance 
of 1 km. 
7. MEASUREMENT RESULTS LPBF 
After a run-in of 30 minutes at 100 rpm with a 
very low load of 100 N, equivalent to a contact 
pressure of 0.1 MPa, a visual check of the tribo 
surface revealed severe wear on both pairings 
(LPBF-LPBF and LPBF-reference). One wear 
track is shown in Figure 24. 
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Figure 24: Wear track on the LPBF disc 
7.1. LPBF against Reference 
A visual check of the tribo surface revealed 
definitely more than a flattening of the welding 
beads. Measurements of the profile of the surface 
(Figure 25) show a material loss of around 80 µm 
for a sliding distance of 1 km. 
 
Figure 25: Profile of the SLM disc after run-in 
The material loss was 0,297 g for a sliding 
distance of 1 km. 
7.2. LPBF against LPBF 
Compared to the reference disc, LPBF against 
LPBF is also prone to welding. Measuring the 
profile of the surface (Figure 26) shows a 
material loss of around 70 µm. 
 
Figure 26: Profile of the LPBF disc after run-in 
The material loss was 0,346 g for a sliding 
distance of 1 km. 
8. CONCLUSION AND OUTLOOK 
First investigations on the tribological properties 
of 316L stainless steel surfaces manufactured 
additively by EHLA and LPBF showed several 
problems. 
By now it is not possible to use said materials “as 
printed” for tribological contacts. A good 
indicator for the endurance of tribological 
systems is the diagram of Vogelpohl [8], which 
compares different standard pairings by their 
wear rate measured in µm per km sliding 
distance. To have an overview, the results of the 
measured samples in this work have been added 
to the diagram (Figure 27). 
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Figure 27: Typical wear rates according to Vogelpohl 
[8] compared with the tested samples 
Nevertheless, the ability of printing complete 
pump assemblies in one single 3d-print job 
without any post-treatment would enable a fully 
automatic and cost optimized production process 
for hydraulic units. 
Further investigations with several post-
treatments like laser remelting and grinding are 
ongoing. 
NOMENCLATURE 
A Area [𝑚𝑚2] 
AM Additive Manufacturing 
DS Layer Thickness [µm] 
ΔyS Hatch Distance [µm] 
EHLA High-Speed Laser Material Deposition 
f Coefficient of Friction [-] 
Fn Normal Force [N] 
Fr Friction Force [N] 
HV Vickers Hardness 
LPBF Laser Powder Bed Fusion 
Mr Friction Torque [Nm] 
PL Laser Power [W] 
v Average Sliding Speed [m/s] 
vS Scan Speed [m/s] 
w Total Wear [mg] 
σ Contact Pressure [N/𝑚𝑚2] 
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